Recent fossil finds have highlighted extensive morphological diversity within our genus, Homo, and the co-existence of a number of species. However, little is known about the evolutionary processes responsible for producing this diversity. Understanding the action of these processes can provide insight into how and why our lineage evolved and diversified. Here, we examine cranial and mandibular variation and diversification from the earliest emergence of our genus at 2.8 Ma until the Late Pleistocene (0.126-0.0117 Ma), using statistical tests developed from quantitative genetics theory to evaluate whether stochastic (genetic drift) versus non-stochastic (selection) processes were responsible for the observed variation. Results show that random processes can account for species diversification for most traits, including neurocranial diversification, and across all time periods.
Introduction
Our genus is characterized by a significant amount of morphological diversity, a phenomenon at the heart of the longstanding debate surrounding the origin and evolution of Homo (see Wood, 1992; Wood and Baker, 2011; Antón et al., 2014) . Since the announcement of the fossil remains of Homo habilis from Olduvai Gorge over fifty years ago (Leakey et al., 1964 ) the focus in paleoanthropology has been on trying to tease apart inter-and intra-specific variation within Homo to answer questions relating to taxonomic relationships between species (e.g. Miller, 1991 Miller, , 2000 Wood, 1993; Kramer et al., 1995; Lieberman et al., 1996) . However, an ever growing fossil record and an exceedingly variable genus make this a complicated undertaking. Recent fossil finds, such as the geographically extreme and highly variable sample of early Homo from Dmanisi, Georgia (~1.8 Ma; Lordkipanidze et al, 2013), the oldest known specimen of Homo from Ledi-Geraru, Ethiopia (~2.8 Ma; Villmoare et al., 2015) , and the derived but small-brained Homo naledi from the Dinaledi cave, South Africa (236-335 ka; Berger et al., 2015; Dirks et al., 2017) , once again prove that not only is Homo diverse and at times mosaic in nature, but that our previous attempts to define and confine Homo to a specific suite of characters at a specific time and place are no longer appropriate.
What drives such a degree of diversification and innovation? Unfortunately our understanding of the underlying evolutionary processes acting on Homo is limited. Explanations for major transitions in were performed using the geometric morphometrics software MorphoJ version 1.05f (Klingenberg, 2011) .
Testing the null hypothesis of genetic drift
According to the quantitative genetic theory of Lande (Lande, 1997 (Lande, , 1979 (Lande, , 1980 (Cheverud, 1988) . Therefore, if random genetic drift has shaped the diversity seen within Homo, a proportional relationship should exist between the patterns of Homo between-group variation and the within-group extant Homo sapiens variation ‫ܤ(‬
‫ן‬ ܹ
). To assess this relationship, we regress the logged between-group eigenvalues ‫,)ܤ(‬ calculated as the variance among group mean differences between fossil populations, onto logged within-group eigenvalues (ܹ), obtained from principal components calculated from the extant covariance matrices substituted as models for within-population variability. If populations have diversified through random genetic drift then the regression slope will not be distinguishable from a slope of 1.0 (at a 0.05 significance level), indicating that the pattern of variance within and between these groups is comparable and changes in magnitude are mostly due to scaling. A non-proportional relationship or rejection of drift indicates that morphology is too variable for divergence to have occurred through random forces alone and non-random forces, such as directional selection, are likely to be at work.
Rate tests performed in a previous study using a subset of these data support the capacity of the slope test to distinguish between random genetic drift and selection (Schroeder et al., 2014) . It is important to note that these slope tests are also able to detect the difference between random selection and random genetic drift. This statement holds true unless random selection acts in a manner that distributes it exactly along the lines of the within group covariation, i.e. that selection is exactly . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/136507 doi: bioRxiv preprint first posted online May. 10, 2017;  proportional to the covariation in the population -which is unlikely. All analyses were performed in R version 3.0.1.
Reconstructing selection
When a null hypothesis of genetic drift is rejected, we reconstruct the selection necessary to produce the differences in observed population means. The methodological approach derives from the quantitative evolutionary theory of Lande (Lande and Arnold, 1983) and is determined by the following relationship: 
݆
, in this case the fossil species being compared. As before, we use the V/CV matrices from an extant Homo sapiens sample substituted as a model for fossil within-species variation. The reconstructed selection vectors are used to investigate the direction or pattern of selection, (less so the magnitude of selection), acting to differentiate Homo groups. The direction of selection, positive or negative, is subject to our expectation of the basic ancestor-descendent relationships among these groups. The magnitude of selection is strongly dependent on the estimated covariance matrix structure and therefore we interpret these results with caution. We highlight strongly negative (<-1) and strongly positive (>1) gradients, however these levels are not statistically evaluated. Schroeder and colleagues (2014) performed matrix corrections to account for the error in estimated covariance matrices and investigate the possible impact that this error may have in the calculation of selection gradients. Although these corrections affected the magnitude of selection, the resultant effect on the pattern/direction of selection was found to be negligible (Schroeder et al., 1 0 measurements and three-dimensional landmark data (visualization of landmarks in Fig. 1 ; landmark descriptions in Table 1 ). These analyses were designed to maximize specimen number and/or shared variables in order to analyze as much cranial and mandibular material as possible. Multivariate analyses (Mahalanobis' distances) and tests for genetic drift were applied separately to fourteen different sets of interlandmark distances (10 cranial, 4 mandibular), representing all regions of the cranium and mandible (described in Table 2 ). Geometric morphometric analyses were performed on eleven subsets of landmarks (7 cranial and 4 mandibular; Table 3 ). For all analyses, specimen choice was dependent on the availability of landmarks. Some specimens and variables were omitted from analyses due to the lack of visible landmarks, preservation or distortion. An extant Homo sapiens sample (N=100) was used as a comparative taxon in the geometric morphometric analyses, and as a best-fit model of intra-specific variability both for calculation of Mahalanobis' distances and in the tests for genetic drift, under the assumption that each extinct taxon had similar within-species covariance structures as Homo sapiens. Chimpanzees (Pan troglodytes) are not seen to be an appropriate model of covariance for evaluating Homo; regardless, tests for genetic drift using a chimpanzee model provided comparable results to those using Homo sapiens in an earlier study on a reduced data set (Schroeder et al., 2014) . Mahalanobis' distances were calculated on interlandmark distances scaled to the geometric mean. Neutrality tests were performed on unscaled data to evaluate both size and shape change. Fig. 2f ; SOM Fig. S1G ). In mandibular analysis 3, D2735 and KNM-ER 1482 are shown to be significantly different from other specimens (SOM Fig. S1H ).
Multivariate assessment of variability

Geometric morphometrics
A summary of the results for all eleven analyses (four mandibular [GPA 1-4] and seven cranial [GPA 5-11]) can be found in Table 3 . and 79% of the shape variation among specimens for these analyses. The shape changes associated with each principal component are described in Table 3 . The first principal component (PC1) is the most taxonomically diagnostic in all analyses. A Homo sapiens sample was included in the analysis to provide context. We also include a sample of Pan troglodytes as an outgroup for a subset of analyses to explore the effect that this could have on the interpretation of our results (SOM Fig. S3 ).
. CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/136507 doi: bioRxiv preprint first posted online May. 10, 2017;  Mandibular analyses. In general, species convex hulls separate along PC1 in all mandibular analyses, however significant overlap is observed. In GPA 1, most fossil Homo specimens are contained within the H. erectus convex hull, once again highlighting the diversity of this hypodigm (Fig. 3a) .
Interestingly, all H. rudolfensis specimens are excluded from this shape space, as well as KNM-ER 1802, a specimen traditionally placed within H. rudolfensis and recently reclassified as H. habilis (Antón et al., 2014; Spoor et al., 2015) . These specimens, especially KNM-ER 60000, are separated from all others along PC2, which reflects relative corpus thickness and height. PC1 reflects corpus robusticity, relative corpus length and the development of the mental osseum. For GPA 2, the amount of overlap is substantial, with the vast majority of fossil Homo specimens falling within the H. erectus range (Fig. 3b) . LD 350-1 falls just outside of this range. Outlier D2600 is separated from other specimens along PC2, which reflects a change in relative corpus height, length and mental foramen position. PC1 also corresponds to a change in relative corpus height and length, as well as development of the mental osseum. GPA 3 depicts a similar pattern to GPA 2, with most fossil Homo specimens falling within the convex hulls of H. erectus and H. sapiens, as well as a fair amount of species overlap (SOM Fig. S2A ). GPA 4, D2735 falls within the H. sapiens convex hull, with all other specimens falling outside, separated along PC2 (SOM Fig. S2B ).
Cranial analyses. In cranial analyses of the face (GPA 5, 6, 7), most specimens fall within the H. sapiens convex hull. The exceptions are as follows: in GPA 5, KNM-ER 3732 and Middle Pleistocene Homo specimen Ndutu are separated from all other specimens along PC1, D2700 and SK 847 are separated from the others along PC2 (Fig. 3c) ; in GPA 6, Dmanisi H. erectus shows the most variability along PC1, with both specimens falling outside the convex hull of H. sapiens (Fig. 3d) .
A.L.666-1, Stw 53 and OH 65 separate from all other specimens along PC1 (Fig. 3d) ; in GPA 7, OH 24 and KNM-ER 1470 are not contained in the H. sapiens convex hull, with KNM-ER 1470 and OH 24 falling at the positive extreme of PC1 and PC2, respectively (SOM Fig. S2C ). In the analysis of the temporal bone (GPA 8), DH3, OH 24, KNM-BC 1, KNM-ES 11693 and Tuinplaas 1 all fall outside of the H. sapiens range (Fig. 3e ). This plot is not particularly taxonomically diagnostic. The . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/136507 doi: bioRxiv preprint first posted online May. 10, 2017;  focus of the final three cranial analyses is neurocranium shape (GPA 9, 10, 11). There is moderate species overlap, with species separating along PC1, which reflects relative vault height, length and breadth ( Fig. 3f ; SOM Figs S2D-E). For GPA 9, KNM-ER 42700 is an outlier at the positive extreme of PC2, reflecting relative vault length and forehead slope (SOM Fig. S2 .D). For GPA 11, DH2 falls outside of the convex hull of H. erectus, along PC1, which corresponds to relative parietal sagittal length (Fig. 3f) .
Testing the null hypothesis of genetic drift
Following the quantitative evolutionary theory of Lande (Lande, 1977 (Lande, , 1979 (Lande, , 1980 and the methodological approach of Cheverud 2004 and Schroeder et al. 2014 , the null hypothesis of genetic drift is tested, i.e. the hypothesis that between-group and within-group phenotypic variation should be proportional under a neutrally evolving model. Regression results of logged between-group to logged within-group variation to test the deviation from a slope of 1.0 are given in SOM Table S1 and summarized in Table 4 . The results indicate that for 95% of all analyses, performed across all taxa and skull regions, the null hypothesis of genetic drift cannot be rejected. This is particularly apparent in analyses of the neurocranium, where all 39 comparisons are consistent with random genetic drift. This suggests that differences in the pattern of covariance among neurocranial traits are negligible, regardless of which taxa are being compared. However, it is important to note here that a failure to reject drift does not completely remove the possibility that nonrandom processes were acting, but rather indicates that any effect of these processes cannot be distinguished from divergence due to drift. Furthermore, the structure of the test makes it difficult to reject drift when few traits are being compared, because the number of measurements (number of PCs) is directly related to the degrees of freedom. The power of the test is also influenced by the strength of the correlation between two taxa diverging under a model of neutrality, with the strength of the correlation decreasing the longer the split time between taxa. For these reasons, any significant deviation from a slope of 1.0 will likely signify selection. On the other hand, it is possible that given the large number of tests performed and the possibility of Type II errors, a rejection of genetic drift may be a reflection of false positives in the data at a 0.05 significance level. However, we still regard . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/136507 doi: bioRxiv preprint first posted online May. 10, 2017;  this as a conservative estimate given the lack of power of this test. Because of these issues, it may be prudent to focus on those analyses which have the highest number of traits (cranial analysis 9 and mandibular analysis 3) and therefore a relatively high statistical power (calculated using the pwr.f2.test in the "pwr" package in R v3.2.2 [Champely, 2016] ), as well as comparisons with high R 2 values, indicating a good fit to the model. When this is done, we still cannot reject drift for 51% of all comparisons, supporting our conclusions above.
In the remaining (5%) cases drift is rejected at a 0.05 significance level (SOM Fig. S4 ). For cranial analysis 1 (face), a rejection of drift is detected between Middle Pleistocene Homo and African H. S4C ). Conversely, the slope for the comparison of H. habilis and Dmanisi H. erectus is <1.0, the result of less between-group variation in the first few PCs and more in lesser PCs (SOM Fig. S4D showing less than expected between-group variation in the first few PCs (SOM Figs S4K-N) .
Reconstructing patterns of selection
For the fourteen comparisons where drift was rejected, we reconstruct the selection (magnitude and direction) acting to diversify these groups to produce the observed differences in facial and mandibular morphology. The ancestor-descendent directionality chosen for these comparisons is consistent with our current understanding of species succession, chronology and derived versus ancestral traits. Differential selection vectors are calculated as the product of the difference vectors between fossil taxa multiplied by the inverse of the pooled within-species variance/covariance (V/CV) matrix derived from a model of H. sapiens variation (Table 5 ; see Materials and Methods). These vectors are visualized in Fig. 4 and Fig. 5 .
African H. erectus -Middle Pleistocene Homo (face). The selection required to produce a Middle
Pleistocene Homo face from an African H. erectus face is strongly to moderately positive for facial length, facial height and nasal bridge width, and strongly negative for superoinferior orbit height and palate depth (Fig. 4a) . The response to this selection (difference vector) is mostly correlated with the direction of the selection acting on these traits, with a positive response across all variables, except palate depth. One aspect of morphology, orbit height, appears to be evolving in an opposite direction to the direction of the selection.
H. habilis -Dmanisi H. erectus (face). The selection required to produce Dmanisi H. erectus from H.
habilis is strongly positive to nil for the nasal bridge and orbit height and strongly to moderately negative for upper facial width and orbit width (Fig. 4b) . The actual response to this selective pressure is strongly positive to nil for most variables of the upper face, except DAC-FMT, expressed as an increase in overall size of the nasal bridge and orbit in the Dmanisi hominins. For three of the variables, the response to the selective pressure is opposite to the direction of the selection, indicating that positive selection on certain traits is sufficient to drive a mostly positive response in others.
. CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/136507 doi: bioRxiv preprint first posted online May. 10, 2017;  1 7 to moderately negative selection (Fig. 4g) . The response to selection is generally negative for all variables, except those including MAS. This could be indicative of an increase in the robusticity and size of the mastoid process, and could be related to sexual dimorphism. H. habilis -Dmanisi H. erectus (mandible). The selection required to produce a Dmanisi H. erectus mandible from H. habilis is moderately positive for all traits, with the exception of the superoinferior position of the mental foramen which is shaped by weak negative selection. The response to selection is positive for all traits (Fig. 5a ).
H. habilis -H. erectus (sensu lato) (mandible). The selection required to produce a H. erectus (sensu lato) mandible from H. habilis displays the same pattern as the previous instance (Fig. 5b) .
H. rudolfensis -Dmanisi H. erectus (mandible).
The selection required to produce a Dmanisi H. erectus mandible from H. rudolfensis is strongly to moderately negative for mandibular corpus height, corpus length and development of pogonion, and moderately to strongly positive for posterior corpus length and corpus thickness (Fig. 5c ). The direction of morphological change is consistent with the direction of the selection pressures, expressed as an increase in overall corpus length and thickness and a decrease in corpus height. It also suggests possible selective pressure on the position of the mental foramen (MEN).
H. habilis -H. rudolfensis (mandible).
The selection required to produce a H. rudolfensis mandible from H. habilis is moderately to strongly positive for mandibular corpus anteroposterior length, and moderately to strongly negative for the relative position of MEN, as well as for traits describing the shape of the mandibular arcade (Fig. 5d) . The response to selection is mostly positive, with the exception of traits describing the position of MEN.
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anterior corpus length. The direction of morphological change is consistent with the direction of selection pressure for most traits, except AJUNC-ALVB, which increases despite negative selection.
H. rudolfensis -H. erectus (sensu lato) (mandible). The pattern of selection required to produce a H. erectus (sensu lato) mandible from H. rudolfensis is the same as the previous comparison (Fig. 5f ).
The response to selection is positive for all traits. LD 350-1 -H. rudolfensis (mandible). The selection required to produce a H. rudolfensis mandible from LD 350-1 displays a similar pattern to that seen in (Fig. 5d) , where selection is strongly positive for mandibular corpus anteroposterior length, and moderately to strongly negative for the relative position of MEN, as well as for traits describing the shape of the mandibular arcade (Fig. 5g) . The response to selection is mixed, with a positive response for traits associated with the position of MEN and/or corpus height, and a negative response for traits describing corpus length. This is expressed as an increase in corpus length and a decrease in corpus height and/or a more superior location of MEN.
Discussion
The results of our analyses indicate that morphological relationships among Homo taxa are complex, and suggest that diversification may be driven primarily (though not exclusively) by neutral evolution.
Multivariate and geometric morphometric results were generally consistent and highlighted the large amount of morphological diversity within Homo, especially within H. erectus, a geographically and temporally widespread species. Other interesting patterns also emerged. First, the spatial relationships among specimens differed depending on the morphological region analyzed. For example, Mahalanobis' distances between H. erectus specimen KNM-ER 3883 and other Pleistocene Homo are significantly different for the temporal region (Fig. 2c) , but not for the face (Fig. 2a) and neurocranium (Fig. 2d) . Second, the Dmanisi hominins and specimens of H. rudolfensis are consistently different from each other and from other taxa. Third, the oldest Homo specimen, LD 350-1, is significantly different from all other specimens for calculations of Mahalanobis' distances, except for H. erectus specimen KNM-BK 8518 and H. sapiens specimen Tuinplaas 1. This specimen also falls within, or on the boundary of, the H. erectus convex hulls in principal component plots of
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Homo (Villmoare et al., 2015) . Finally, it is worth noting that there is a close association between H. naledi and H. erectus in both cranial and mandibular analyses (e.g. similar to what has been shown in Dembo et al., 2016; Laird et al., 2016; Schroeder et al., 2016) , as well as between ~2.4 Ma early Homo specimen A.L.666-1, South African specimen Stw 53, and H. habilis specimen KNM-ER 1813.
The results of these metric analyses confirm the complexity of the phenotypic variation within Homo and the difficulty faced when trying to identify potential evolutionary relationships, especially given the possibility multiple lineages within our genus.
What has produced this diversity? Our results indicate that for 95% of taxon comparisons (51% when a conservative estimate of statistical power is used), across the entire skull (face, maxilla, neurocranium, temporal, mandible), the null hypothesis of genetic drift cannot be rejected. This indicates that of the majority of the cranial and mandibular phenotypic diversity within Homo, from ~2.8 Ma-0.0117 Ma, is consistent with random genetic drift. This is particularly striking for the neurocranium where all three analyses comprising 39 different comparisons are shown to be consistent with drift, even when including very small-brained H. erectus (Dmanisi) and H. naledi (South Africa). What this indicates is that the relative size and shape variation that exists between taxa is proportional to that seen within taxa (here based on the Homo sapiens model). In other words, although morphological divergence is occurring among species, it happens consistently across the phenotype in a manner that does not change the relative relationships among parts. For the neurocranium, this is true despite considerable brain size differences between Homo taxa. In this light, recent suggestions that brain size and shape differences may poorly define Homo (Spoor et al., 2015) are intriguing, because they have arisen in the context of an increased understanding of comparable magnitudes and patterns of variation within taxa. It may be more difficult to delineate taxa under a model of drift, as opposed to a model of selection, which drives changes in the relative relationships among traits. However, it is important to remember that the neurocranial analyses in particular, due to a dearth of available homologous landmarks, did not capture all aspects of brain shape but rather gross shape/size. Nonetheless, based on these results it is necessary to re-consider the traditional view that selection was the main evolutionary process driving changes in the neurocranium, and most other .
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For the remaining cases, where drift was rejected, three primary patterns can be observed. First, adaptation played a role in driving the evolution of differences between the Dmanisi hominins and other early Homo specimens across both the face and mandible. Interestingly, even though the Dmanisi group itself is hugely diverse, we found that this rejection of drift is consistent across all of the Dmanisi specimens, regardless of the specimen or combination of specimens included in each analysis, confirming that this result was not just a product of intra-group variability. The Dmanisi hominins were the first of our lineage to leave Africa, and our results indicate that selection played an important role in that dispersal, resulting in significant morphological changes (and a different covariance structure) as these hominins adapted to new environmental contexts. Second, although drift was the primary force implicated in neurocranial change, selection repeatedly acted to shape maxillary and mandibular diversity among Homo groups. This result suggests that the evolution of Homo is characterized by adaptive diversification in masticatory systems among taxa, which may be related to dietary change, possibly as a result of environmental change (Vrba, 1985 (Vrba, , 1995 (Vrba, , 1996 (Vrba, , 2007 Cerling, 1992; Stanley, 1992; deMenocal, 1995; Reed, 1997; Bobe and Behrensmeyer, 2004; Wynn, 2004) , environment variability (Potts, 1998) , and/or shifts to new foraging strategies (Stanley, 1992; Braun et al., 2010; Lepre et al., 2011; Potts, 2012; Ferraro et al., 2013) . Third, the mandibular morphology of H. rudolfensis consistently emerges as being adaptively different from other Homo taxa, including the earliest Homo specimen, LD 350-1. This result implies a potentially divergent and distinct evolutionary trajectory for this taxon, possibly signifying a branching event, supporting the distinctiveness of this taxon, and providing an adaptive explanation for divergence in sympatry with other Homo taxa (i.e. H. habilis). However, despite these instances where drift was rejected, we reiterate that, for the majority, selection was not detected. For some cases, this lack of selection is surprising. For example, we do not see a massive adaptive change occurring between 2.7 and 2.5 Ma as per Vrba's 1985 turnover-pulse hypothesis (Vrba, 1985) , nor do we see the expected correspondence between most major cultural transitions and changes in skull morphology.
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The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/136507 doi: bioRxiv preprint first posted online May. 10, 2017; 1 Interestingly, we also do not detect major selective pressure acting to differentiate Homo sapiens from Middle Pleistocene Homo. This result parallels the findings of Weaver et al. 2007 who show that genetic drift can account for the cranial differences between Neanderthals and modern humans. It also provides further evidence for a "lengthy process model" of modern human origins (Weaver, 2012) , supporting the theory of morphological continuity from the later Middle Pleistocene, ~400 000 years ago, to the appearance of anatomically modern humans. While it is important to note that these analyses were only performed on crania and mandibles, these results are nonetheless significant given the emphasis placed on cranial and mandibular material for alpha taxonomy.
There is a fundamental disconnection between the realization that molecular change over evolutionary timeframes occurs predominantly through neutral processes (Kimura, 1968 (Kimura, , 1991 , and the dominant interpretation (explicitly or implicitly) that morphological change in human evolution is primarily adaptive and directional. The results of this study lend further support to the notion that random change has played a major role in human evolution (see also Ackermann and Cheverud, 2004; Weaver et al., 2007; Schroeder et al., 2014) . The detection of widespread genetic drift acting on all aspects of skull morphology during the evolution of our genus is likely to be due, in part, to small population sizes of groups in isolation. This could also be correlated with a purported population bottleneck at ~2.0 Ma (Hawks et al., 2000) . Because the emergence and evolution of Homo and the appearance and proliferation of stone tools roughly correspond, and continue to co-evolve, it is also possible that hominins were increasingly reliant on cultural adaptations -as opposed to biological adaptations -to manage environmental changes (Schroeder et al., 2014; Ackermann and Cheverud, 2004; Lynch, 1990) . Continued investigation into evolutionary process is necessary -especially for anatomical regions such as the postcranium which remain largely unexplored (but see Grabowski and Roseman, 2015) -in order to provide further insight into how and why the human lineage evolved. Table 1 .
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